The viability of the human probiotic strains Lactobacillus paracasei NFBC 338 and Bifidobacterium sp. strain UCC 35612 in reconstituted skim milk was assessed by confocal scanning laser microscopy using the LIVE/ DEAD BacLight viability stain. The technique was rapid (<30 min) and clearly differentiated live from heatkilled bacteria. The microscopic enumeration of various proportions of viable to heat-killed bacteria was then compared with conventional plating on nutrient agar. Direct microscopic enumeration of bacteria indicated that plate counting led to an underestimation of bacterial numbers, which was most likely related to clumping. Similarly, LIVE/DEAD BacLight staining yielded bacterial counts that were higher than cell numbers obtained by plate counting (CFU) in milk and fermented milk. These results indicate the value of the microscopic approach for rapid viability testing of such probiotic products. In contrast, the numbers obtained by direct microscopic counting for Cheddar cheese and spray-dried probiotic milk powder were lower than those obtained by plate counting. These results highlight the limitations of LIVE/DEAD BacLight staining and the need to optimize the technique for different strain-product combinations. The minimum detection limit for in situ viability staining in conjunction with confocal scanning laser microscopy enumeration was ϳ10 8 bacteria/ml (equivalent to ϳ10 7 CFU/ml), based on Bifidobacterium sp. strain UCC 35612 counts in maximumrecovery diluent.
Probiotics are described as "living micro-organisms, which upon ingestion in certain numbers exert health benefits beyond inherent basic nutrition" (12) . Accumulating clinical evidence supporting the health-promoting characteristics of Lactobacillus and Bifidobacterium intestinal isolates (for reviews see references 24 and 29) has led to increased commercial interest in developing novel probiotic food products. Those products which have received the most attention as probiotic carriers include fermented milks, unfermented milks with cultures added, ice cream, frozen yogurt, and various cheeses (for reviews see references 18, 31, 32, and 34) . It has been suggested that probiotic products should contain at least 10 7 CFU per ml or g (15) .
Bacterial viability is typically assessed by plate counting on a suitable growth medium. However, there are a number of disadvantages associated with this approach. For example, plate counting is time-consuming, often requiring 2 to 3 days of incubation, microorganisms may be unevenly distributed in the product, and bacteria may occur in chains and/or clumps, resulting in underestimation of the true bacterial count (6) . In addition, oxidative killing of anaerobic microorganisms such as Bifidobacterium during plating may also contribute to an underestimation of bacterial numbers. A more direct approach may be the use of a microscopic technique; however, this requires differentiation of live and dead bacteria. Direct epifluorescent counting has been described as a suitable method for enumeration of total bacteria in environmental samples" (17) . Fluorescence microscopy has the advantage of allowing a rapid and direct assessment of cell viability (17, 22) , although particular strains cannot be identified. Fluorescent indicators of viability may be based on membrane integrity, enzyme activity, membrane potential, respiration, or pH gradient (9, 20, 21, 23, 27, 33) . The LIVE/DEAD BacLight viability kit (Molecular Probes Inc., Eugene, Oreg.) was developed to differentiate live and dead bacteria based on plasma membrane permeability and has been used to monitor growth of bacterial populations (38) . This kit comprises two fluorescent nucleic acid stains: SYTO9 and propidium iodide. SYTO9 (excitation and emission maxima, 480 and 500 nm) penetrates both viable and nonviable bacteria (Handbook of Fluorescent Probes and Research Chemicals, 6th ed., Molecular Probes, Inc.), while propidium iodide (excitation and emission maxima, 490 and 635 nm) penetrates bacteria with damaged plasma membranes only (16, 21) , quenching the green SYTO9 fluorescence. Thus, bacterial cells with compromised membranes fluoresce red and those with intact membranes fluoresce green.
Confocal scanning laser microscopy (CSLM) has been used extensively in cell biology (39) and was used to study viability of Escherichia coli and Salmonella where rhodamine 123 and propidium iodide were employed to differentiate viable from nonviable bacteria based on membrane potential and integrity (19) . Conventional epifluorescence microscopy may be used for viability staining of liquid samples such as milk (26) . However, the optical sectioning capability of CSLM has the advantages of increased sensitivity and reduced out-of-focus blur, enabling observation of subsurface structures of foods in situ (3, 13) . In addition, digital acquisition of images by CSLM enables rapid enumeration of bacteria by image analysis (4) .
In this study, in situ LIVE/DEAD BacLight bacterial viability staining in conjunction with CSLM was compared with standard plate counting for enumeration and viability assessment of bacteria in various probiotic dairy products, including reconstituted skim milk (RSM), fermented milk, full-fat cheddar cheese, and spray-dried probiotic milk powder.
MATERIALS AND METHODS
Bacterial strains and media. The potentially probiotic strains Lactobacillus paracasei subsp. paracasei NFBC 338, Bifidobacterium sp. strain UCC 35612, and Bifidobacterium sp. strain UCC 401 were isolated from the human gastrointestinal tract (5, 25) and were obtained from University College Cork, Cork, Ireland, under a restricted-materials transfer agreement. The Lactobacillus strain was cultured as described previously (10) (30, 37) was used for selective enumeration of bifidobacteria from fermented milk and cheddar cheese, while MRS agar supplemented with 0.05% (wt/vol) cysteine HCl was used for enumeration from RSM suspensions. All dilutions were performed using maximum-recovery diluent (MRD) (Oxoid Ltd., Basingstoke, Hampshire, United Kingdom) and plates were incubated under anaerobic conditions at 37°C for 3 days for both lactobacilli and bifidobacteria.
Plate count enumeration of probiotic bacteria in milk and dairy products. Cells from 100 ml of stationary-phase cultures of L. paracasei NFBC 338 or Bifidobacterium sp. strain UCC 35612 were concentrated by centrifugation at 3,640 ϫ g for 10 and 20 min, respectively. The resultant cells were then resuspended by vortex mixing for 10 s in 100 ml of RSM (10% wt/vol) that had previously been sterilized at 121°C for 5 min. A 10-ml sample of the RSM containing resuspended cells was then incubated at 90°C for 5 min. Unheated and heat-treated RSM cell suspensions were vortex mixed in various proportions to give mixtures of live and dead bacteria in which the proportion of live bacteria varied in 10% increments from 0 to 100% (vol/vol). Bacteria in mixtures containing 0, 10, 50, 90, and 100% (vol/vol) live bacteria were enumerated as outlined above.
Pasteurized whole milk supplemented with skim milk powder (16.5% total solids) was heat treated at 90°C for 15 min. After cooling to 37°C, the milk was inoculated (2% vol/vol) with an overnight broth culture of Bifidobacterium sp. strain UCC 401 and incubated at 37°C for 24 h until a pH of 4.8 was reached. Duplicate samples of fermented milk were emulsified in sterile 2% (wt/vol) trisodium citrate, and serial dilutions in MRD were pour plated as described above.
A pilot-scale cheesemaking trial was performed according to the experimental protocol described by Gardiner et al. (10) . A control vat contained a 1.5% (vol/vol) inoculum of starter cultures only and the experimental vat contained an additional culture of Bifidobacterium sp. strain Bb12, added as an adjunct to the starter culture to yield ϳ10 8 CFU bifidobacteria per ml of cheesemilk. Cheeses were sampled at 1 and 3 months and bifidobacteria were enumerated by plate counting as described for probiotic fermented milk above.
To manufacture a probiotic-containing spray-dried powder, cells from an overnight MRS broth culture of L. paracasei NFBC 338 (200 ml) were resuspended in 1,500 ml of RSM (25% wt/vol), which had been previously heat treated at 90°C for 30 min. The suspension was spray dried in a Buchi B191 mini-spray dryer (Buchi Labortechnik AG, Flawil, Switzerland) as previously described (11) . The inlet air temperature was set at 160°C and outlet air temperatures ranging from 71 to 78°C were used, yielding skim milk powders containing viable lactobacilli at ϳ10 10 CFU/g. Lactobacilli were enumerated in duplicate following 2 months of storage at 4°C.
In situ viability staining and CSLM imaging. All microscopy work was performed using an LSM310 confocal scanning laser microscope (Carl Zeiss Ltd., Welwyn Garden City, Herts., United Kingdom) using the method involving LIVE/DEAD BacLight viability staining essentially as previously described (11) . Randomly selected areas of each sample were imaged using a ϫ63 magnification objective with a numerical aperture of 1.4. Confocal illumination was provided by a Kr/Ar laser (488-nm laser excitation) fitted with a long-pass 514-nm emission filter. A 580-nm beam splitter was used together with a long-pass 520-nm filter (green fluorescence signal) and long-pass 590-nm filter (red fluorescence signal). Simultaneous dual-channel imaging using pseudocolor was used to display green and red fluorescence. The confocal pinhole was set to give an x-y resolution of 0.2 m and an axial resolution of 1.0 m. Red-green-blue images (24 bit), 512 by 512 pixels, were acquired using a zoom factor of 2.0, giving a final pixel resolution of 0.2 m/pixel and representing a volume of 1.05 ϫ 10 Ϫ8 ml per field of view. Thus, for direct enumeration of bacteria per milliliter, a microscopic factor of 1.05 ϫ 10 8 was used. For triple-channel imaging, a transmitted photodetector was used in conjunction with interference contrast optics and the transmitted image was colored blue. Image analysis was performed on CSLM images using a Kontron KS400 image analysis system (Imaging Associates Ltd., Thame, Oxfordshire, United Kingdom). Images of stained bacteria were segmented using color thresholding to separate the red and green fluorescence signals. Two parameters were then measured: (i) green fluorescence as a percentage of total green and red fluorescence and (ii) numbers of individual green fluorescing bacteria. To separate clusters of bacteria, erosion-dilation algorithms included in the image analysis software were used. Direct microscopic counts were normalized to take into account the dilution effect caused by adding the viability stain to the sample. To simultaneously visualize the structure of the spray-dried particles and the redand green-fluorescing bacteria, triple-channel imaging was used. To confirm that the glycerol-based staining mixture did not affect viability staining, live and heat-killed L. paracasei NFBC 338 microorganisms in RSM were prepared as described above. When mixed with the glycerol-based stain at a ratio of 1:1, live cells fluoresced green and heat-killed cells fluoresced red.
(i) Minimum detection limit of the in situ viability staining and CSLM enumeration method using bifidobacteria suspended in MRD. To establish the sensitivity of the in situ viability staining technique, an actively growing broth culture of Bifidobacterium sp. strain UCC 35612 was diluted in MRD to yield an approximate log dilution series of 10 5 to 10 9 CFU/ml. Plate count enumeration of the broth culture and in situ staining with CSLM enumeration of the dilution series were performed as described for RSM. Bacteria from 50 microscopic fields were counted using image analysis, and results were expressed as numbers of bacteria per milliliter.
(ii) In situ viability staining and CSLM enumeration of lactobacilli and bifidobacteria in RSM. The LIVE/DEAD BacLight viability stain, prepared according to the manufacturer's instructions, was incubated with equal volumes of milk containing 0 to 100% live bacteria, prior to CSLM imaging. The specificity of the two individual LIVE/DEAD BacLight staining components was verified in the milk by adding 5 l of each staining component to separate 100-l samples of milk inoculated with either a live culture or a heat-treated culture of L. paracasei NFBC 338. CSLM imaging confirmed that SYTO9 stained both live and dead bacteria green, whereas propidium iodide stained only heat-killed bacteria red (data not shown). Results from in situ viability staining were obtained within 30 min of sampling the milk.
(iii) In situ viability staining and CSLM enumeration of bacteria in fermented milk, cheddar cheese, and spray-dried probiotic milk powder. Equal volumes of probiotic fermented milk (pH 5.6) and LIVE/DEAD BacLight viability stain were vortex mixed for 1 min and green fluorescent bacteria from 20 fields were enumerated. LIVE/DEAD BacLight viability stain (25 l) was also added to freshly cut sections of 2-month-old cheddar cheese, and a coverslip was placed on top. CSLM images were obtained ϳ10 m below the level of the coverslip after 20 min of incubation in the dark at room temperature. CSLM imaging data from dry powders were compared with data from the reconstituted product (10% [wt/vol]). To prevent dissolution of the spray-dried powder particles during in situ viability staining, a glycerol-based staining mixture was prepared from the LIVE/DEAD BacLight staining components, as follows. SYTO9 and propidium iodide were each dissolved in separate 1-ml samples of distilled water to give final concentrations of 60 and 300 mM, respectively. Seventy-five microliters of SYTO9 solution and 25 l of propidium iodide solution were then added, with vortex mixing, to 400 l of glycerol (Sigma-Aldrich Ireland). This ratio of SYTO9 to propidium iodide was found to be optimal for the production of an adequate green fluorescence signal. Spray-dried probiotic milk powder (ϳ10 g) was gently mixed with 10 l of this staining mixture on a microscope slide.
Statistical analysis. The significance of the difference between the means obtained by direct microscopic counting and plate count enumeration was determined by a one-tailed Student t test (20 df).
RESULTS AND DISCUSSION
Minimum detection limit of the in situ viability staining and CSLM enumeration method using Bifidobacterium sp. strain UCC 35612. In order to relate in situ viability staining and CSLM enumeration to plate count data, it was first necessary to establish the minimum detection limit of the in situ CSLM technique. Results of CSLM enumeration of LIVE/DEAD BacLight-stained bifidobacteria in MRD indicated a minimum detection limit of ϳ10 8 bacteria/ml or ϳ10 7 CFU/ml from plating (Table 1 ). These data suggest that plate counting underestimates the actual viable cell population by a factor of at least 10, confirming reports by other researchers (6, 17, 28) . Results further indicate that LIVE/DEAD BacLight viability staining may be a suitable means of assessing in situ the viability of bacteria in probiotic foods, given that the recommended minimum number of probiotic bacteria in such food products is approximately 10 7 CFU/ml (15) . It should be noted, however, that the sensitivity of the viability staining method could be greatly increased by filtration and/or centrifugation to concentrate the recovered cells (17, 26) .
In situ viability staining and CSLM enumeration of probiotic bacteria in RSM. The specificity of the LIVE/DEAD BacLight stain was then assessed using known ratios of live to dead (heat-killed) bacteria in RSM. Both L. paracasei NFBC 338 and Bifidobacterium sp. strain UCC 35612 produced a strong red or green fluorescence depending on whether the cultures were dead or live, respectively (Fig. 1A and B (Fig.  2) . Relative to the direct microscopic counts, however, L. paracasei NFBC 338 and Bifidobacterium sp. strain UCC 35612 plate counts were approximately 20-fold and 10-fold lower, respectively. These results are consistent with the greater degree of clumping exhibited by L. paracasei NFBC 338 (Fig. 1) compared with Bifidobacterium sp. strain UCC 35612.
In situ viability staining and CSLM enumeration of bifidobacteria in probiotic fermented milk. In situ LIVE/DEAD BacLight staining showed red-and green-fluorescing bacteria occurring singly or in small clumps of up to 20 cells in the probiotic fermented milk (Fig. 1C) . Some background fluorescence was present in the green channel. Bacterial cells were irregularly shaped rods with occasional branching, a morphologic characteristic of some Bifidobacterium sp. (30) . Enumeration by CSLM indicated a viable count equivalent to 3.2 ϫ 10 8 bacteria/ml, comparing favorably to the plate count of 2.3 ϫ 10 8 CFU/ml ( Table 2 ). The higher count (P Ͻ 0.001) obtained by direct microscopic enumeration was most likely due to clumping of bacteria and killing on media selective for bifidobacteria.
In situ viability staining and CSLM enumeration in probiotic cheddar cheese. The in situ viability staining and CSLM imaging technique was used to enumerate total viable bacteria directly from cheddar cheese ripened for 2 months and compared with plate counts for enumeration of viable bifidobacteria (Table 2) . Enumeration by CSLM indicated a total viable count equivalent to 1.5 ϫ 10 8 bacteria/g, which was lower than the bifidobacterial plate count of 3.6 ϫ 10 8 CFU/g. The probiotic cheddar cheese contained approximately twice as many viable bacteria as the control cheese, as determined by the in situ CSLM method. If higher bacterial counts in the probiotic cheese were exclusively due to bifidobacteria, in situ viability staining indicated a count of approximately 7.5 ϫ 10 7 bifidobacteria/g. Positive identification of bifidobacteria in situ would require an alternative approach such as fluorescent in situ hybridization or immunofluorescent labeling (14) . Therefore, it was not possible to distinguish bifidobacteria in the cheese from nonstarter lactic acid bacteria; rather, it is the comparison with total numbers in the control cheese that is given. However, the probiotic cheddar cheese contained several star-shaped clusters of rod-shaped bacteria (Fig. 1E) typical of some Bifidobacterium strains (30), including Bifidobacterium lactis Bb-12. These clusters were not present in the control Cheddar cheese (Fig. 1D) . Cell morphology was confirmed by adjusting the focal plane of the CSLM. Bacteria were not homogeneously distributed but frequently occurred in clumps of up to 20 cells. Some background fluorescence of the protein matrix was seen in the green channel, although this was at a lower intensity than bacterial fluorescence. Fat globules appeared as dark rounded regions by negative contrast as observed in a previous study (8) . The homogeneous staining of the protein matrix with SYTO9 was most likely due to nonspecific binding of the stain to milk proteins. Small (Ͻ2-m) patches of diffuse red fluorescence, possibly due to exogenous microbial nucleic acids, were also observed in both probiotic and control cheddar cheese samples (data not shown).
In situ viability staining and CSLM enumeration of spraydried L. paracasei NFBC 338 in skim milk powder. The counts of live bacteria in spray-dried form, as determined by image analysis of CSLM images and plate counts, are shown in Table  2 . CSLM enumeration indicated a viable count of 6.3 ϫ 10 8 bacteria/g in the rehydrated powder, which was significantly lower (P Ͻ 0.05) than that obtained by plate counting (1.1 ϫ 10 9 CFU/g). Triple channel imaging using the glycerol-based mixture of propidium iodide and SYTO9 enabled in situ observation of both red-and green-fluorescing L. paracasei NFBC 338 cells within the powder particles (Fig. 1F) . A low level of background fluorescence from the milk powder was observed in the green channel. Serial CSLM optical sections indicated that bacteria were encapsulated within the spraydried powder particles, confirming earlier work (11) . Higher numbers of bacteria fluoresced green in the rehydrated than in the dry powder. The low number of green-fluorescing bacteria (Ͻ1 bacterium/field) in the dry powder compared with that in the rehydrated powder suggested that the bacterial plasma membrane was compromised in the dehydrated state, as expected (1, 35) , but recovered somewhat when rehydrated. Spray drying has been shown to result in cell membrane damage, as indicated by the increased sensitivity of L. paracasei NFBC 338 to NaCl following drying (11) . It is possible that reversible melting of membrane lipids at temperatures of ϳ50°C (36) and/or removal of bound water from cell wall proteins during the drying process (1) may be responsible. It has been reported that slow rehydration procedures can increase the viability of spray-dried L. bulgaricus (35) . For more detailed study of the effect of sublethal stress on bacterial viability, other fluorescent viability indicators, such as esterase activity, membrane potential, or respiratory activity, may be more suitable than techniques based on membrane permeability (2, 19) .
Conclusions. The results of this study indicate that in situ LIVE/DEAD BacLight viability staining and CSLM enumer- ation may be of value for the rapid estimation of viable bacteria in some dairy products, which could take over 3 days to achieve by plate counting. The data demonstrate that microscopic viability counting of probiotic milk and fermented milk yield consistently higher counts (up to 20-fold for milk) than plate counting. This may be expected given the high degree of clumping observed with some of the strains and the possible killing of cells by selective media. Microscopic counts were lower than plate counts for cheese products and spray-dried cultures, highlighting the need for further work to establish the effect of environmental factors such as pH, ionic profile, and water activity on viability staining.
